Abstract Environmental temperature is one of the important abiotic factors that influence the normal physiological function and productive performance of dairy cattle. Temperature stress evokes complex responses that are essential for safeguarding of cellular integrity and animal health. Posttranscriptional regulation of gene expression by miRNA plays a key role cellular stress responses. The present study investigated the differential expression of miRNA in Frieswal (Holstein Friesian × Sahiwal) crossbred dairy cattle that are distinctly adapted to environmental temperature stress as they were evolved by using the temperate dairy breed Holstein Friesian. The results indicated that there was a significant variation in the physiological and biochemical indicators estimated under summer stress. The differential expression of miRNA was observed under heat stress when compared to the normal winter season. Out of the total 420 miRNAs, 65 were differentially expressed during peak summer temperatures. Most of these miRNAs were found to target heat shock responsive genes especially members of heat shock protein (HSP) family, and network analysis revealed most of them having stress-mediated effects on signaling mechanisms. Being greater in their expression profile during peak summer, bta-miR-2898 was chosen for reporter assay to identify its effect on the target HSPB8 (heat shock protein 22) gene in stressed bovine PBMC cell cultured model. Comprehensive understanding of the biological regulation of stress responsive mechanism is critical for developing approaches to reduce the production losses due to environmental heat stress in dairy cattle.
Introduction
Environmental temperature is one of the important abiotic factors that influence the normal physiology of animals. The health and productivity of dairy cattle depend on the optimum conditions including the temperature range in comfort/thermo-neutral zone. Heat stress is caused by temperature above thermo-neutral range that severely impacts dairy cattle performance in terms of growth, milk production, and reproductive efficiency. The impending threats of climate change will further increase the frequency and intensity of heat waves that potentially leads to heat stress in dairy cattle. Apart from short-term managemental methods to alleviate the heat stress impacts, understanding the genetic differences and molecular mechanisms of the stress response for innate resilience and thermotolerance will be a significant long-term strategy for selection of thermotolerant animals for increasing productivity.
Heat stresses evoke complex responses that are considered essential for safeguarding the cellular integrity and survival of Gyanendra Singh Sengar and Rajib Deb contributed equally * Gyanendra Singh Sengar gsengar71@gmail.com organisms (Belhadj Slimen et al. 2015) . Multiple protein and signaling mechanisms are involved in stress response pathways. Heat shock proteins and molecular chaperones have been described as primary elements in cellular stress responses (Lindquist and Craig 1988; Hansen 2004; Lacetera et al. 2006; Paula-Lopes et al. 2003; Deb et al. 2014; Bhanuprakash et al. 2016; Sengar et al. 2017) . Heat stressinduced genome wide expression studies indicated the involvement of multiple genes in stress response pathways (Mehla et al. 2014) , and the transcriptional activation of genes by major factors such as hypoxia-inducing factors (HIFs) during oxidative stress and heat shock factors (HSF) during heat shock response was noted. However, the present study focuses on the post-transcriptional regulatory points that are significant in cellular stress response mechanisms. MicroRNAs (miRNAs) are short non-coding RNA involved in post-transcriptional repression of genes by basepairing with their target gene transcripts (Bartel 2004) . During cellular stress responses, miRNA plays a key role by regulating the specificity, timing, and abundance of gene expression. Various studies (Baskerville and Bartel 2005; Harfe 2005; McKenna et al. 2010 ) have shown the involvement of miRNA in wide array of biological processes such as cell-fate specification, embryonic development, and metabolic pathways. In dairy cattle, miRNA-mediated regulation controls energy metabolism, lactation activity of mammary epithelial cells, reproductive functions, susceptibility to mastitis, and other infections (Fatima et al. 2014; Wang et al. 2015; Li et al. 2015; Kropp et al. 2014; Wang et al. 2016 ). Specific miRNA deletion mutant studies have identified mir-80, mir-229, and mir-64-66 cluster as important regulators of the heat stress response in C. elegans (Nehammer et al. 2015) .
Few reports are available regarding the comprehensive list of differentially expressed miRNAs in dairy cattle (Zheng et al. 2014) . The rationale behind the current study was to identify the differentially expressed miRNAs during thermal stress in Frieswal (Holstein Frisian × Sahiwal) crossbred dairy cattle. Initially, we characterized the stress response in Frieswal population during heat stress followed by identification of differentially expressed miRNAs during peak thermal stress through deep sequencing. Our study also aimed to characterize the effect of over-expressed bta-miR-2898 on its bovine target HSPB8 gene using a reporter assay.
Materials and methods

Experimental animals
All the experimental procedures involving animals were approved by the Institutional Animal Ethics Committee (IAEC). Ten healthy Frieswal bulls (Holstein Friesian × Sahiwal) of similar age group maintained under similar managemental regimen and in semen collection were randomly selected from the bull rearing unit of our institution. The samples were collected at two different environmental seasons viz., winter and summer with the temperature ranges between 15-18°C (January-February; designated as non-heat stress/NHS) and 42-45°C (May-June; designated as heat stress/HS), respectively. The temperature humidity index was used as heat stress indicator, irrespective of whether the animal was in heat stress or not. The animals were exposed to the natural environmental temperature for 1 h prior to collection, and when the environmental temperature was recorded within the range of 42-45 or 15-18°C, the samples were collected at 2:00 PM. From each animal, samples were collected on four different days in each season, and the collected samples of an individual animal in each season were pooled together for further analysis. Stress response of the animals was characterized by recording physiological parameters, biochemical assays, and characterization of stressor genes (HSP70 and HSP90).
Physiological parameter recording
The animal's rectal temperature, breathing rate, and pulse rate were recorded for both NHS and HS groups. Heat tolerance coefficient (HTC) was recorded using the formula postulated by Rhoad, 1944, HTC = 100-10 (RT-38. 3) where HTC is the heat tolerance coefficient, RT is the rectal temperature, 38.3 is the physiological bovine body temperature, 10 is the correction factor to convert deviations in body temperature to a unit basis, and 100 is the perfect efficiency in maintaining temperature at 38.3°C.
Sample preparation
Blood samples were subjected for peripheral blood mononuclear cell (PBMC) isolation and plasma separation as per standard protocol. Blood was diluted (1:2) in Alsever's solution and centrifuged at 400×g for 30 min at 20°C. PBMCs were then separated by density gradient centrifugation method as described earlier (Deb et al. 2014) . PBMC samples were stored in liquid nitrogen till total RNA isolation for deep sequencing. Plasma samples were subjected for biochemical assays.
Biochemical parameter estimation
Immediately after separation, the plasma samples were subjected for three biochemical assays viz. thiobarbituric acid reactive substances (TBARS), catalase (CAT), and glutathinoe peroxidase (GPx) assays. TBARS assay was conducted using TBARS Assay Kit (Cayman chemical, USA) for the colorimetric measurement of lipid peroxidation by-product malondialdehyde (MDA) (μM) as per manufacturer protocol. Cayman's catalase assay kit (Cayman chemical, USA) was used for colorimetric measurement of plasma catalase (CAT) activity (nmol/min/ml) as per the manufacturer's instruction. Glutathione peroxidise (GPx) level in the plasma samples was estimated using Cayman's glutathione peroxidise assay kit (Cayman chemical, USA) as per manufacturer's standard protocol.
Real-time PCR-based relative expression of bovine HSP70 and HSP90
PBMC samples isolated from NHS and HS groups were subjected for total RNA isolation using cold trizol (Sigma Aldrich, USA) method as per manufacturer's instruction. Extracted RNA was spectrophotometrically quantified, and the integrity was checked by visualization of 18 and 28 s ribosomal bands on an agarose gel. cDNA was synthesized from the isolated total RNA using ProtoScript first strand cDNA synthesis kit (New England Biolabs, Beverly, MA, USA) utilizing the M-MuLV reverse transcriptase and random primers. A diluted 1:10 solution of the cDNA was used for quantification using real-time qPCR ( Step One, Applied Biosystems, Foster City, CA, USA). The primer sequences for HSP70, HSP90, and beta-actin gene (endogenous control) reported in our earlier studies (Deb et al. 2014; Bhanuprakash et al. 2016) were used for the present study also. The reaction was conducted in a final reaction volume of 10 μl using the SYBR Green® PCR Master Mix kit (Applied Biosystems, Foster City, CA, USA), according to manufacturer instructions. ΔΔCt method was used for quantification of the samples (Livak and Schmittgen 2001) . Obtained expression values were normalized against the endogenous Bhousekeeping^gene, allowing the comparison of samples independently of the amount of total input cDNA. All the determinations were performed in triplicate.
RNA isolation, small RNA enrichments, and detection of RNA integrity
Total RNA was isolated from pooled PBMC samples of NHS and HS groups with PAX gene blood miRNA Kit (Qiagen, USA) according to the manufacturer's instruction. Isolated total RNA was subjected for nucleic acid binding bead-based enrichment of small RNA with the total RNASeq kit v2 for small RNA libraries kit (Thermo Fisher scientific, USA). Quality and quantity of purified enriched smal l RNA were estimated using NanoDrop™ Spectrophotometer and Qubit quotation system (Life technologies, USA). Integrity of the RNA was checked using Agilent™ 2100 Bioanalyzer™ instrument with the Agilent™ RNA 6000 Nano Kit Bioanalyzer 2100 and Agilent™ Small RNA Kit (Agilent, USA) in RNA 6000 pico chip as per manufacturer's instructions. The purified and characterized RNA samples were stored at − 80°C till further use. RNA integrity number (RIN) was checked using 2100 expert software. The highest-quality library mapping statistics were obtained from input RNA with higher RIN values.
Small RNA library construction
Small RNA libraries were prepared with the total RNA-Seq kit v2 for small RNA libraries kit (Thermo Fisher scientific, USA) according to the library preparation instruction. Briefly, 3 μl of small RNA sample (1-100 ng of miRNA in ≤ 1 μg of enriched small RNA) was ligated to a 3′ adapter, and a 5′ adapter was ligated to the products, followed by reverse transcription into complementary DNA (cDNA) using SuperScript™ III reverse transcriptase enzyme (Thermo Fisher scientific, USA). Each cDNA samples were amplified via polymerase chain reaction (PCR) according to the preparation of a barcoded library PCR mix (Thermo Fisher scientific, USA). One microliter of the purified DNA was run on an Agilent™ 2100 Bioanalyzer™ instrument with the Agilent™ DNA 1000 Kit as described earlier. Using the 2100 expert software, smear analysis was performed to determine the molar concentration of cDNA libraries with size range of 50-300 bp which was subjected to BPool barcoded small RNA library^preparation.
Pool barcoded small RNA library preparation Molar concentration (nM) of each barcoded cDNA library (50-300 bp size range) was prepared with the Agilent™ DNA 1000 Kit. Each barcoded cDNA library was diluted to the same molar concentration (nM). An equal volume of each diluted library was mixed to prepare a pool of the barcoded libraries. The final molar concentration of the pooled library was the same for each diluted library.
Emulsion PCR and deep sequencing
The emulsion PCR was carried out applying the Ion XPress Template kit V2.0 (Life Technologies, USA) as described in the user guide (Part No. 4469004 Rev. B 07/2011) provided by the manufacturer. Quality and quantity of the enriched spheres were checked on the Guava easyCyte5 system (Millipore GmbH, Schwalbach am Taunus, Germany) as described in the appendix of Ion Xpress Template Kit User Guide. Sequencing of the amplicon libraries was carried out using the Ion Torrent Personal Genome Machine (PGM) system by using the Ion Sequencing 200 kit (Life Technologies, USA). Quality check-passed libraries were subjected to emulsion PCR using the Ion PGM 200 Xpress Template Kit (Life Technologies, USA). After bead enrichment, beads were loaded onto Ion 316 chip and deep sequenced using an Ion Torrent Personal Genome Machine (Life Technologies, Pleasanton, CA, USA).
Deep sequence data analysis
Obtained raw sequences were processed through CLCGenomics-work bench 8.0.2 Windows, Mac OS X and Linux software (Qiagen, Denmark) to filter out the adapter sequences, low-quality, and low copy sequences, and then, the extracted small RNA sequences with 15-26 nucleotides in length were subjected to mRNA, RFam, and Repbase filter, and the remaining sequences were compared with miRBase 21 by BLASTn search to identify the conserved miRNAs in bovine (http://www.mirbase.org/). To identify the potential precursor miRNA sequences, maximum three mismatches were permitted between the identified short miRNAs and known animal miRNAs. Further, identified all mature miRNA sequences were processed for BLAST against the downloaded bovine draft genome sequences (http://www. ncbi.nlm.nih.gov/genome/82), and the hairpin RNA structures for their flanking sequences were predicated by RNA fold software (http://mfold.rit.albany.edu/?q=mfold/ RNA-Folding-Form).
Quantitative real-time PCR-based validation of miRNAs
Differentially expressed eight candidate miRNAs (bta-miR-103-2, bta-miR-2898, bta-miR-150, bta-miR-2478, bta-miR181b-2, bta-miR-2311, bta-miR-142, and bta-miR-6536-2) were selected randomly on the basis of their reads per kilo millions (RPKM) values (extreme, higher, lower, and lowest) obtained through deep sequencing (based on Log2 [HS/NHS] values). Real-time quantitative PCR (RT-qPCR) was performed using Step One, Applied Biosystems Real Time PCR machine. Isolated total RNA (2 μg) using PAX gene blood miRNA Kit (Qiagen, USA) was subjected for reverse transcription using a ProtoScript first strand cDNA synthesis kit (New England Biolabs, Beverly, MA, USA). A 1:10 diluted cDNA samples were used to perform the RT-qPCR as per the procedure described above in section BReal-time PCRbased relative expression of bovine HSP70 and HSP90.T he primers synthesized for the candidate miRNAs had the similar sequences as the Bos taurus miRNA with suitable adjustments at their 5′ ends.
Target gene prediction and miRNA-GO-network analysis
It is assumed that miRNA binding sites in the 3′UTR of their targeted genes are highly conserved among closely related species than the most distant ones (Chen and Rajewsky 2006; Rajewsky 2006) . To understand the molecular function of the differentially expressed miRNAs during heat-stressed and normal animals, Target Scan (Lewis et al. 2003) software was used to predict their target mRNA related to heat stress. By combining the target gene function database with miRNA and mRNA sequence using miRNA-GO-network analysis, it was identified that multiple genes were simultaneously regulated by the same miRNA. The core of miRNAs and their centralized gene function control mechanisms were also found.
Designing target site of bta-mir-2898 and its amplification from genomic DNA Based on the highest expression level and fold change during heat stress, bta-miR-2898 was selected as model microRNA to elucidate its in vitro effect on stressor gene in bovine PBMC. We identified the most conserved target sites of btamiR-2898 through Target Scan software and observed that 3′ un translated region (UTR) of heat shock 22 kDa protein 8 (HSPB8) is highly conserved target for bta-miR-2898 across different species. miRNA-target interaction revealed bta-miR-2898 having two interaction sites at 3′ UTR region of HSPB8 (Fig. 8a) . A set of primers were designed (HSPB 8F: TAAGCAGGATCCTTTCTGCAGCCCTGGTTTAC and HSPB8 R: TGCTTACTCGAGCGTCCCACCCATAT ACACAA) to flank both the target sites at the 3′ UTR region of HSPB8 CDS. We deliberately incorporated linkers viz. Hind III and Spe I at the 5′ end of HSPB 8F and HSPB8 R primers, respectively, for placing the amplified product at multiple cloning sites of the expression vector (Fig. 8b) .
The genomic DNA was extracted from the collected blood sample from Frieswal cattle using a QIAamp DNA Blood Mini Kit (Qiagen, USA). The polymerase chain reaction (PCR) was carried out to amplify 321 base pair fragment from a starting template of approximately 50 ng of genomic DNA in a final reaction volume of 25 μl containing 1× Taq DNA polymerase buffer (Sigma, USA), 1.5 mM MgCl 2 (Sigma, USA), 200 mM dNTPs (Sigma,USA), 0.5 mM of each primer, and 1 U Taq polymerase (Sigma,USA). PCR was conducted with the initial denaturation at 94°C for 5 min, followed by 5 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s; thereafter, 30 cycles of 94°C for 30 s, 64°C for 30 s, and 72°C for 30 s and a final extension 72°C for 5 min and visualized in 1.0% agarose gel. The amplicon was confirmed by automated DNA sequencer in Sanger's dideoxy chain termination method.
Cloning of the bta-miR-2898 target site in pMIR-GFP expression vector
The fold change values estimated by deep sequencing revealed that the differential expression of bta-mir-2898 was the highest among the highly expressed miRNAs during heat stress. Further, the results of qRT-PCR-based validation also revealed relatively highest expression of bta-mir-2898.
Because of the above two reasons, we have chosen bta-mir-2898 as a model for reporter assay. Gel-purified and restriction enzyme-digested PCR product was cloned in the digested (with same sets of restriction enzymes) pMIR-GFP-purified expression vector (Cell Biolabs. Inc., USA) for in vitro reporter assay. The recombinant plasmid pMIR-GFP-target was characterized by restriction enzyme digestion and sequencing. Recombinant plasmids were purified through endo free plasmid purification kit (Qiagen, USA) and subjected for reporter assay in heat-stressed bovine PBMCs.
Reporter assay bta-miR-2898 inhibitor (anti bta-miR-2898) was custom synthesized (5 nmole with > 60% HPLC purified) from ambion life technologies, California, and 105 pmol of the inhibitor was used for the reporter assay to analyze the bta-miR-2898 function as per manufacture's instruction. The isolated PBMC cells were given heat shock for 1 h at 42°C in a water bath and then plated at a concentration of approximately 1 × 10 6 viable cells/ml in six-well plates and incubated at 37°C in a 5% CO 2 incubator. Before starting the experiment, miRNA was isolated from the stressed and normal PBMCs (as described in earlier section), and cDNA was synthesized to confirm the over-expression of bta-miR-2898 in heat-stressed PBMCs. cDNAwas subjected for qRTPCR with bta-miR-2898 specific primers to quantify the miRNA expression level (data not shown here). The details of reporter assay are schematically represented in Fig. 9 (upper panel) . A monolayer of 70-80% confluent PBMC cells in six-well plates was transfected with 3 μg of pMIR-GFP and pMIR-GFP-target alone or with antibta-miR-2898 (105 pmol) using Lipofectamine plus (Invitrogen, USA). At 48 h post-transfection, expression of GFP was visualized with a fluorescence illuminator system (Nikon ECLIPSE 80i), and images were captured at 20× magnification. Independent experiments were repeated thrice and number of fluorescent unit (%) counted in ten random fields. Fig. 2 Fold changes of HSP70 and HSP90 in the Frieswal PBMC collected 18°C (normal) and 45°C (heat stress) environmental temperatures. *P < 0.01 Fig. 1 a Catalase (CAT) activity (nmol/min/ml). b Glutathione peroxidase (GPx) level (nmol/min/ml). c Malondialdehyed (MDA) concentration (μM) detected in plasma samples of NHS and HS groups. * indicates significant variation at P < 0.01 
Statistical analysis
Data are presented as mean ± SEM and analyzed by using an SPSS statistical program (SPSS 10.0 for Windows; SPSS, Inc., Chicago, IL, USA). Significant differences were determined by one-way ANOVA using the SPSS program. The univariate least squares analysis of variance was carried out to find the significance of differences between the expressions of miRNAs by qRTPCR. The Duncan's multiple range test was carried out to find the significance differences between the mean values.
Results
Characterization of stress response
Physiological parameters
Rectal temperature, breathing rate, pulse rate, and heat tolerance coefficient at two different environmental temperature ranges are presented in Table 1 . A rectal temperature of above 39°C, a respiratory, and/or pulse rate of 90-120 times per minute were regarded as the indication of heat stress. The physiological parameters of HS were significantly different (p < 0.05) from the NHS group of cattle. The average rectal temperature of heat-stressed cattle was above 39°C, and as high as 43°C, the respiratory rate was 120 breaths per minute, pulse rate per minute was 100, and a significant decrease of HTC as compared with the normal. Rectal temperature, breathing rate, pulse rate, and HTC data showed that the cattle were under heat stress.
Biochemical estimations
Estimated plasma CAT activity (nmol/min/ml) in heat-stressed group was 31.017 ± 0.469 that was significantly (P < 0.01) higher (p < 0.01) than non heat-stressed group (4.876 ± 0.469) and shown in Fig. 1a . Glutathione peroxidase (GPx) level (nmol/min/ml) in the plasma samples collected at different environmental temperatures revealed that with the increase of temperature GPx level changes significantly (p < 0.01). Average GPx level estimated for heat stress and non-heat-stressed groups was 142.622 ± 1.579 and 66.213 ± 1.579, respectively (Fig. 1b) . Similarly, concentration of MDA (μM) significantly (p < 0.01) increased at high environmental temperatures (Fig. 1c) . Estimate MDA concentration was 0.018 ± 0.004 and 0.044 ± 0.004 in non-heat-stressed and heat-stressed groups, respectively.
Expression profile of HSP70 and HSP90
The relative expression (mean ± SE) of HSP70 and HSP90 mRNAs was significantly (p < 0.01) higher during elevated environmental temperature (HS) than the normal conditions (NHS). Obtained fold changes of HSP70 and HSP90 during 42°C were 4.55 ± 0.28 and 5.34 ± 0.28, respectively (Fig. 2) . The bioanalyzer assay to determine the miRNA abundance in bovine PBMCs of HS and NHS groups showed the presence of small RNAs and their repeats after enrichments (Fig. 3a) . Small RNAs which include microRNAs were visible at 20-25 nucleotide ranges on the gel showing an abundance of small RNAs based on the size of the band and lesser intensity of ribosomal RNA bands. RNA integrity numbers (RIN) ranged from 6.3 to 6.5 (Fig. 3b ).
Small RNA library preparation
To identify miRNAs in Frieswal cattle, two independent small RNA libraries were constructed from the PBMC of normal and heat-stressed animals through Ion Torrent deep sequencing. There were 61,380 and 71,357 raw reads in the heat-stressed and normal cattle, respectively, with a length of 15-30 nucleotides after filtering out of the adapter sequences as well as low-quality sequences. In both the libraries, majority of the small RNAs were 20-25 nucleotides in length. The mappable small RNA sequences were first compared to the currently known Bos taurus miRBase v20 database. Out of identified 44,873 and 30,227 small RNAs in the libraries of heat-stressed and normal groups, annotated miRNAs were 169 and 251, respectively (Table 2 ). Fragment analysis of small RNA libraries revealed the presence of 47 and 50% of miRNAs in the libraries of normal and heat-stressed groups, respectively (Figs. 4 and 5) .
Expression of miRNAs through deep sequencing
The increase in expression level of miRNAs is represented by varying color intensity ranging from dark blue for the lower and dark red for higher expression level in terms of RPKM values. Based on change in color intensity, the differentially expressed miRNAs were selected for further studies. The expression profiles of miRNAs were analyzed and compared with two libraries. We identified 65 miRNAs which differentially expressed among the heat-stressed and normal Frieswal cattle (Log2 HS/NHS) ( Table 3) .
Validation of the selected miRNA by real-time PCR
To validate the deep sequencing results, real-time PCR was conducted to measure the expression levels of five selected up-regulated miRNAs (bta-miR-103-2, bta-miR-2898, btamiR-150, bta-miR-2478, and bta-miR-181b-2) and three down-regulated miRNAs (bta-miR-2311, bta-miR-142, and bta-miR-6536-2) in heat-stressed groups. The results showed that the expression level of these selected miRNAs measured by real-time PCR was in concordance with the normalized deep sequencing results (Fig. 6 ). Almost, the expression level of all the miRNAs was significantly (p < 0.01) different between the HS and NHS groups, and maximum significant variation was observed for bta-mir 2898.
Prediction of target genes and network analysis
Out of 65 differentially expressed miRNAs, we identified that 30 were associated with heat stress. Target stressor genes of the selected miRNAs are shown in Table 4 , among them maximum are heat shock proteins. By combining the target gene function database with miRNA and mRNA sequence analysis, it was noticed that multiple genes were simultaneously regulated by the same miRNA. The core of miRNAs and their centralized control gene functions were also found. The network analysis of differentially expressed miRNA and their target genes indicated stress-mediated effects on signaling The relative expression of miRNAs tested RT-qPCR. The results revealed that expression of these selected miRNAs by RTqPCR were in agreement with the normalized sequencing data. *P < 0.01 mechanisms (Fig. 7) . The metabolic pathways, PI3K-Akt signaling, MAPK signaling, and immune-regulatory (NF-Kappa B, TLR, and RIG), are majorly influenced by miRNAmediated regulations (Table 5) .
Reporter assay
To explore the effect of differentially over-expressed bta-miR-2898 during heat stress, reporter assay was performed using pMIR-GFP expression vector. Most conserved target regions of bta-miR-2898 were identified at 3′ UTR region of bovine HSPB8 (Accession Number: NM001014955), where it can interact with two target sites of HSPB8 (Fig. 8a) . A 321 base pair flanking fragment of target sites at bovine HSPB8 gene was cloned at 3′ UTR region of GFP gene in pMIR-GFP expression vector, and the clones were confirmed by restriction enzyme digestion and sequencing. GFP expression in heat-stressed PBMC transfected with pMIR-GFP alone, pMIR-GFP-target alone, and pMIR-GFP-target with anti bta-mir 2898 was studied, and the results revealed that there was negligible GFP expression in the cells treated with pMIR-GFP-target alone (Fig. 9) . Number of fluorescent unit (%) counted in ten random fields of heat-stressed PBMCs during reporter assay showed that there was negligible amount of fluorescent (1-3%) within heat-stressed cells transfected with pMIR-GFP Target construct; however, more than 50% cells showed GFP expression in the non-stressed and anti bta-mir 2898-treated heat-stressed cells.
Discussion miRNAs are an emerging layer of novel regulators in the mammalian thermal stress response (Islam et al. 2013; Place Fig. 7 Interaction among different selected miRNAs with their predicted targets. Blue rectangular box miRNAs and orange circles target genes and Noonan 2014). Till today, little or no information is available regarding the role of miRNAs in heat-stressed bovine species (Zhang et al. 2016 ). The present study focused on differentially expressed miRNAs during elevated environmental temperatures among Frieswal crossbred cattle developed in India. The Frieswal breed of cattle is a milch breed developed by crossing the Bos indicus Sahiwal breed with the Bos taurus Holstein Friesian cattle with an exotic inheritance of 62.50%.
First line of stress response was characterized by measuring various physiological parameters like respiratory rate, pulse rate, and rectal temperature. Physiological parameters like respiration rate, heart rate, body temperature, and skin temperature give an instant response to the climatic stress (Bianca 1965) . These parameters can be used as an indicator for comfort and adaptability of dairy cattle towards an adverse environment or as a receptive physiological gauge of environmental modification (Roman-Ponce et al. 1977) . Physiological responses like rectal temperature, pulse rate, and respiration rate echo the degree of stress forced on animal by climatic parameters. The ability of an animal to endure the rigors of climatic stress under temperate circumstances has been assessed physiologically by measuring the changes in body temperature, respiration rate, as well as pulse rate (Charoensook et al. 2012; Liu et al. 2012) . Present study revealed that, with the upshift of environmental temperature, there was a significant (p < 0.05) elevation of rectal temperature, respiratory, and pulse rate. Heat tolerance experiments by Rhoad (1944) led to the development of a formula to calculate an individual's heat tolerance coefficient (HTC). Results showed that HTC reduced significantly (p < 0.05) during rising of environmental temperatures.
Increased production of free radicals and reactive oxygen species and dwindle in antioxidant defense mechanisms leads to oxidative stress (Trevisan et al. 2001 ). Thermal stress is one of the prime reasons for oxidative stress in animals during summer in tropics. Thermal stress occurs when the core body temperature of a given species exceeds its optimal range resulting from a total heat load (internal heat production and heat gained from environment) exceeding the capacity for heat dissipation (Ganaie et al. 2013 ). The differences in the antioxidant enzyme activity of different breeds may result in their ability to cope up with the oxidative stress during the extreme environmental temperatures. To characterize the stress response in Frieswal cattle, we evaluated the level of two enzymatic components of the antioxidative defense system viz. catalase (CAT) and gutathione peroxidase (GPX) among heat-stressed and normal populations. Our study showed that during elevated environmental temperatures, CAT and GPX levels are significantly (p < 0.01) higher than the suboptimal temperature. The antioxidant status of growing calves, heifers, and lactating Murrah buffaloes was significantly higher for catalase as well as glutathione peroxidase concentrations during summer as compared to winter in three experimental groups (Lallawmkimi 2009 ). During heat stress, hydrogen peroxide production was found to increase due to augmented SOD activity (Bernabucci et al. 2005) , and this in turn resulted in a synchronized increase in plasma catalase and glutathione peroxidase concentrations. In addition to the measuring of antioxidant level, we also measured the lipid peroxidation by product thiobarbituric acid (TBARS)/malondialdehyde (MDA) concentration during thermal stress in Frieswal cattle. Results revealed that MDA concentration was significantly (p < 0.01) higher during thermal stress than normal Fig. 8 Schematic representation for cloning of the bta-miR-2898 target region in pMIR-GFP expression vector. a Identified target sites for btamiR-2898 at 3′ UTR region of bovine HSPB8 (Accession Number: NM001014955); bases with capital letters are the target sites where miR2898 can interact, and highlighted bases are the sites chosen for designing primers to amplify the target regions. b Strategy for construction of pMIR-GFP target, where the bta-mir 2898 target sites at 3′ UTR region of bovine HSPB8 was cloned in pMIR-GFP expression vector. Target region was fused at 3′ UTR region of GFP. HindIII and SpeI are the linkers added at the 5′ region of forward and reverse primers, respectively, to clone at multiple cloning sites (MCS) region of the expression vector temperatures. Thiobarbituric acid test is known to be a good general indicator of oxidative stress rather than a marker of lipid peroxidation (Halliwell and Chirico 1993) . TBARS concentration increased in heat-exposed cattle and buffalo than the normal counterparts (Ashok et al. 2007; Bernabucci et al. 2005) .
Transcriptional activation and accumulation of a set of proteins called Bheat shock proteins^(HSPs) are one of the prominent cellular responses during up shift of environmental temperatures (Kregel 2002) . The two major chaperones namely HSP70 and HSP90 are the most important proteins involved during cellular stress in eukaryotic cells (Lindquist 1986; Craven et al. 1996) . Our earlier reports suggested that HSP70 and HSP90 are differentially expressed in native and crossbred cattle during in vitro or in vivo thermal stress (Deb et al. 2014; Bhanuprakash et al. 2016) . Induction of these two specific heat shock proteins at mRNA level in non-stressed and heat-stressed cells was investigated, and the results indicated that both the HSP transcripts were differentially expressed during elevated temperature.
The deep sequencing analysis identified the differential role of miRNAs during extreme temperatures in Frieswal cattle. While examining the animals exposed at two different environmental conditions, we found that there was an abundance of miRNAs in bovine PBMCs. In total, 420 miRNAs were identified and 65 miRNAs were differentially expressed during elevated temperatures, suggesting that miRNAs may play an important role during heat stress. Fig. 9 pMIR-GFP reporter assay in bovine PBMC (heat shocked) for analysis of the expression of GFP after cloning of bta-mir 2898 target region of bovine HSP gene at 3′ UTR region. Upper panel depicted the experimental design and lower panel showed the level of GFP expression in different groups. a Non-heat shock group and transfected with pMIR-GFP target construct. b Heat shock group and transfected with pMIR-GFP target construct. c Heat shock group and co-transfected with pMIR-GFP target construct and anti-bta-mir 2898
In our studies, we observed that number of differentially expressed miRNAs detected in peak summer (37 miRNAs) was higher than the normal temperatures (28 miRNAs). Validation of the selected miRNA expression revealed that there was a significant (p < 0.01) upregulation of bta-miR-103-2, bta-miR-2898, bta-miR-2478, and bta-miR-181b-2 while bta-miR-2311 and bta-miR-6536-2 are significantly (P < 0.01) down-regulated during heat stress. Besides, the presence of target sites at some of the heat shock proteins, miR-103, is known to regulate CDK5R1 expression (Moncini et al. 2011) and its over-expression may decrease the rate of cell proliferation (Leung and Sharp 2010) . Recently, local, systemic, or vascular-targeted delivery of miR-103 in tumor-bearing mice decreased angiogenesis and tumor growth and thus improving the efficacy of chemotherapy and radiation (Wilson et al. 2016) . Consequently, btamiR-103-2, which is over-expressed during peak summer in Frieswal cattle, may play defensive role in terms of preventing cell proliferation and maintenance of cellular homeostasis. Bovine-specific miR-2478 plays a major role in regulation of bovine energy metabolism/adipogenesis (Romao et al. 2014) . Upregulation of miR-2478 in bovine muscle is associated with the expression of the target lipogenic genes SCD1 (Muroya et al. 2016) . Also, miR-181b is linked with radiation and hypoxia stress responses in humans (Jacobs et al. 2013) . Similarly, miR-181b is associated with stress and immune response in Holstein cattle (Zheng et al. 2014) . Numerous studies pointed out that there is an important relationship between the family of heat shock proteins and the heat stress response (McConnell et al. 2014; Deb et al. 2014; Bhanuprakash et al. 2016; Zhao et al. 2016) . Functional analysis of gene targets revealed that several target genes of selected miRNAs are involved in the stress response and oxidative stress. The network analysis of differentially expressed miRNA and their target genes indicated stressmediated effects on signaling mechanisms. The metabolic pathways, PI3K-Akt signaling, MAPK signaling, and immune-regulatory (NF-Kappa B and RIG) are greatly influenced by miRNA-mediated regulation. The findings provide insight of miRNA-mediated post-transcriptional regulation of cellular heat stress response in Frieswal cattle. The significance of these regulations and explanations for activation of distinct mechanism needs to be further explored. Earlier studies reported that miR-19a, miR-19b, miR-27b, miR-30a-5p, miR-181a, miR-181b, miR-345-3p , and miR-1246 were highly expressed in the serum of heat-stressed Holstein cows, which were involved in many pathways that may differentially regulate the expression of stress response and immune response genes (Zheng et al. 2014) .
Determining the function of the significantly differentially expressed miRNAs will provide a better understanding of miRNA-mRNA interaction mechanism. Being the highly expressed miRNA from this study, bta-miR-2898 was selected for the reporter assay. Due to lack of available literatures regarding exact cell lines that over-expressed btamiR-2898, we have chosen bovine PBMCs. We have experimentally seen that PBMCS treated at 42°C heat stress over-expressed bta-miR-2898 as compared to the control non-stressed cells. Interactions between miRNAs and their target genes are multifaceted, and frequently, there are abundant putative miRNA recognition sites at mRNAs; however, many miRNA targets have been computationally predicted, but only a limited number of these were experimentally validated (Witkos et al. 2011) . Target scan analysis identified the most conserved target sites of bta-miR-2898 at bovine HSPB8 (heat shock protein 22). HSPB8 is a small heat shock family protein that functions as a chaperone in association with Bag3. HSPB8 appears to be involved in cell proliferation and apoptosis (Suzuki et al. 2017; Marsh et al. 2015; Ghaoui et al. 2016) . We identified two binding sites of bta-miR-2898 at 3′ UTR region of HSPB8. Experimental study revealed that over-expressed bta-miR-2898 in heat-stressed PBMCs can readily bind to its target region and thus the GFP expression was suppressed, while treating with anti-miR-2898 can restore GFP expression. Gamerdinger et al. (2011) hypothesized that the molecular chaperones HSPB8 and HSP70 might recognize and bind to the misfolded proteins prior to its ubiquitination with the help of E3 ubiquitin ligase. Recently, HSPB8-BAG3 complex was reported to be the preferred interaction with HSP70 in mammalian cells (Morelli et al. 2017) . In consequence, HSPB8 has been shown to cooperate with the major stressor protein HSP70. Thus, it may be possible that targeting bovine HSPB8, bta-mir-2898, may indirectly alter the function of bovine HSP70. However, further experiments are needed to be conducted for drawing a pertinent conclusion.
Identifying specific miRNAs expressed in the PBMCs of Frieswal cattle at different environmental temperatures will facilitate a better understanding of the role of miRNAs on thermoregulatory mechanisms. From this study, we will be able to develop a model which will aid in understanding the role of miRNAs during thermal stress in cattle or other species. This study provides the ground work for uncovering the role of miRNA in thermal stress that may be helpful for development of miRNA-based molecular biomarker for cellular thermotolerance in dairy cattle.
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